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Abstract

This paper reports a phase inversion method fopteparation of macroporous polysulfone (PS) coribpapheres
through a single orifice spinneret. Surfactant F2g pre-added in the polymer solution as a surface-forming
agent, and different amount of zeolitic imidazol&temework-8 (ZIF-8) particles were incorporatedféom the
ZIF-8/PS composite spheres. ZIF-8 and polymer aagethe adsorbent and binder in the final compasgiteeres,
respectively. The fabrication conditions, suchtestypes of the surfactant, the amount of the stafd and ZIF-8
added in the polymer solution were investigatedrdgen and carbon dioxide sorption analysis inéidahe ZIF-
8/PS composite spheres had similar properties egtine ZIF-8 particles, and the active sites of-&lk the
polymer composites were well exposed. The compssiteres exhibited advantages of easy handlingemydling

over ZIF-8 particles, and this phase inversion metban be extended to prepare other polymer cotepgizheres.
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1. Introduction

With the rapid increase of global population #melindustrialization of more and more countriég, tonsumption
of energy is explosively growing [1]. Carbon diogideparation is a key step in carbon sequestrdigoreventing
global warming [2]. Adsorption is one of the masipiortant methods to separate compounds from thesiridl gas
mixtures, where columns packed with adsorbentsreialy utilized. The most common forms of adsorbeaare the
beads and the granules, consisting of small ciyéeat). 1-10 um in size) agglomerated into a déshape and size
using binder materials. The adsorbent materialsesticted to porous materials with a high surfeai@me ratio,
having pore sizes ranging from several Angstroms ftew tens of Angstroms. Thus, not only shouldatlsorbent
materials be considered, but also how to makesityeapply in applications, in terms of handlingdarecycling, is a
big problem.

Metal-organic frameworks (MOFs), a class of perotystalline materials consisting of metal iomdéid together
by organic bridging ligands, have attracted considle attention in recent years [3,4]. Zeolitic dazolate
frameworks (ZIFs), a subfamily of MOFs, often shbetter thermal, hydrothermal and chemical stabgifi5-7].
All these properties make ZIFs be attractive in ynapplications, such as adsorption, separationjgations and
catalysis. ZIFs with sodalite topology includingmZr, ZIF-8, and ZIF-90 are of interests due tortimdno-modal
pore size distributions [8]. In particular, ZIF8ane of the most studied materials because pbtential functional
applications, such as carbon dioxide adsorptiontdis low density and high surface area [9-12].

In practical applications of ZIFs, it is not pids to directly use powder-form particles [13].F2l could be
prepared as thin-films or membranes through in-aitseeding growth method for gas separation []4AGother
approach is to shape ZIFs (MOFs) into spheres addevhich have advantages over powder due to &aesy
handing and recyclability [13]. A series of metabanic frameworks have been deposited into millensized
macroporous polyacrylamide (PAM), oxide or oxideNPAThe resulting composites displayed enhanced
mechanical stability and improved recyclability J1&haping of ZIFs in millimeter-sized alumina bsadas
investigated by Aguado’s group for adsorption aathlgtic applications [17]. Till now, there was ome-step
method to prepare ZIF composite beads. Howevere thiee various methods to prepare polymer beadsexXammple,
monodisperse emulsion-templated polymer beads avitlaverage diameter of 2.16 mm were prepared by-oil
water-in-oil sedimentation polymerization [18,1Zhou et al. prepared cellulose/chitin beads bydbagulation

method and used them for adsorption of heavy metalgueous solution [20]. Phase inversion metkazhe of the
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most important means to prepare asymmetric memg, which was first developeby Loeb and Souriraji [21].
Recently, we reported a ngyhase inversic method for the direct preparation of ultrafine ballfiber membrane
from a polymer solution using a single orifice spne [22]. This method inspireds to explore the possibility fi
the fabrication of porous millimetesizedpolymer spheres or beads in a one-step process.

In this work, we report @hase inversic method for the preparation of ZIFg&lysulfone (ZII-8/PS) composite
spheres from a polymer soluticontainingZIF-8 crystals using a single orifice spinneretisiit a one-step method
to synthesize ZIF-8 compositgpheres with polymeas the binder, and the size of tbempositespheres is
controllable.The addition of surfactants in the polymer solutiam influence the formation porous structui [23].
Different amount of ZIF8 powder is mixed with polymer solution, and théwe tresulting solution is injecte
through a syringe tip to a wattank to form compositspheres via solvent/water exchar{§&. 1. The organic

solvent (e.g. N-methyl-pyrrolidone) and the surfactant are soluble in v, and the finalsphere only contain

polymer as thetructure binder and Z-8 as the adsorbent.
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Fig. 1. Schematic diagrams of thhase inversiomethod for polymer sphere preparatithnough a single syring

tip (a), and the formation processtbé& porous structure via solvent/water exchange (b).

2. Experimental procedure

2.1 Chemicals

Polysulfone (average Mw ~35,000 by LS, average ~16,000 by MO, pellets), N-methyl&rrolidone (99.5%,
NMP), Pluronic F127, Pluronic P123, zinc nitratexdieydrate, -methylimidazole (Hmim) were all purchased fri

SigmaAldrich. All of the chemicals were used as receivwétthout further purificatior

2.2 Synthesis of ZIF-8 nanocrystals



Synthesis of ZIF-8 nanocrystals was performelb¥ahg the reported recipe [9]. A solution of zinitrate (2.93 g)
in 200 ml of methanol was mixed with a solutionHrim (6.49 g) in 200 ml of methanol under stirrinith a
magnetic bar. The mixture turned to milky suspemsifter being stirred for 1h, and then the crystedse separated

by centrifugation and washed with fresh methanivlaly, the ZIF-8 crystals were dried at 8D overnight.

2.3 Preparation of polysulfone spheres and ZIF{8fper composite spheres by phase inversion method

A polysulfone solution was prepared by dissolving5 g of polysulfone in 4.25 g of NMP. The mixuwvas
stirred at room temperature overnight to make shieepolysulfone was completely dissolved. Thend.g of
surfactant P123 or F127 was added into the abolyengo solution, and the whole solution was stirsegteral hours
until it turned clear. The final solution was Iéftr 2-3 h to allow complete release of bubbles. Pphgmer slurry
was vertically pumped to a water tank through a Btainless steel syringe tip with a size of 18magr diameter of
~0.84 mm) at a flow rate of 0.2 ml/min. The air gaps of about 4 cm. Solid polymer spheres were éorm
immediately in water via solvent/water exchangeg(Fib). The resulting polymer spheres were keptwater
overnight to leach out the residual NMP. Finalhg spheres were dried at ®Dfor 5 h.

ZIF-8/polymer composite spheres were preparet thieé same procedure as above using F127 as tfaetamt
through a syringe tip with a size of 14 G (~1.6 miffiree samples were prepared with different ZIFSBiveight

ratio of 1:1, 2:1, and 4:1, and they were denotedI&-8/PS 1:1, ZIF-8/PS 2:1 and ZIF-8/PS 4:1, eetipely.

2.4 Characterization

Scanning electron microscopy (SEM) images welkertawith a JEOL-7001F microscope operated at an
accelerating voltage of 15 kV. Elemental analysis \werformed using Energy-dispersive X-ray spectiog (EDX)

on a JEOL JSM 7001microscope. X-ray diffraction )Rpatterns of the samples were taken on a Phitips
1140/90 diffractometer with Cudradiation (25 mA and 40 kV) at a scan rate Y with a step size of 0.62
The pore size distributions of the samples were soneal by mercury porosimetry (Auto pore Il mercury
porosimeter, Particle and Surface Sciences Pty. UBA). The pore properties of the ZIF-8/PS sphewese
measured by an ASAP 2020 adsorption porosimetea Bajuid nitrogen temperature of 77 K. Samples were
degassed for 2 h at 160 under vacuum before analysis. The Brunauer-Enirelér (BET) surface area was

obtained. The carbon dioxide adsorptions of samptse taken with an ASAP 2010 adsorption analyr@78 K.
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3. Results and discussion
3.1 Formation of polysulfone spheres with surfactan

Polysulfone spheres were prepared via a phasgsion method by injecting the polymer solutionnfra single
orifice spinneret. The purpose of the addition wifactant F127 and P123 in the polymer solutiotoisorm a
porous outer surface on the spher@s. both F127 and P123 are triblock copolymers (FED-PEO) with
hydrophilic and hydrophobic blocks, they could aparthe local chemical environments in the phasersion
process. F127 has a higher PEO weight percentageRh23, indicating F127 has more hydrophilic gso[#3].
Fig. 2 shows SEM images of the surfaces of PS sgharepared using different amount of surfactari-{00 g)
with the surfactant/PS weight ratios of 0.13, CaB@l 1.33. For the PS spheres prepared with sunta€f27, Figs.
2a and b show the spheres have smooth surfacesraitdpores on them. The surface pore size is @b@uam for
the PS spheres prepared with F127/PS weigh rafio38f (Fig. 2b), which is larger than that prepanétth F127/PS
weigh ratio of 0.11 (Fig. 2a). Fig. 2c shows thefate of the PS sphere is rough, and no apparems pare
observed on the surface. On the contrary, SEM iméBgigs. 2d, e) show that the surfaces of the sshprepared
with P123/PS weight ratio of 0.11 and 0.33 are mdifferent with that prepared with surfactant F1®here
almost no pores present on the surface. For cosgarthe surface of PS sphere prepared withoutiaddif any
surfactant was tested by SEM, and there are ncspmehe surface (Fig. 2f) that is consistent it literature
[22,25]. The surface of PS spheres shown in Figshds a similar structure as that in Fig. 2f, iatlig surfactant

P123 could not change the surface properties cip8res.




Fig. 2. SEM images of the surface structure ofRISespheres prepared using different amount of Fazj and
P123 (d,e) and without any surfactant (f): the FB&7weight ratio of 0.13 (a), 0.33 (b), (c) 1.3} tbe P123/PS

weight ratio of 0.13 (d), 0.33 (e).

Fig. 3 shows the detailed SEM images of PS sghamepared with F127/PS weight ratio of 0.33. Beyshows the
overall cross-section of the sphere, indicatingehare a lot of channels in the sphere. Fig. 3lwshihe inner
channels of the sphere, presenting a finger-like gtructure. Fig. 3c shows an enlarged area oflihanels of the
sphere, indicating that the channels are consistedacropores, and the average pore size is arbymeh. These

uniform macroporous structure would provide enosigéice for ZIF-8 particles loading and gas diffusion

Fig. 3. SEM images of the cross-section view ofdpkere prepared with the F127/PS weight ratio28.0

The pore size distribution of the PS spheresaragpwith F127/PS weight ratio of 0.33 shows twages of pores
with sizes of around 1 um and 5 um (Fig. 4), whécbonsistent with the SEM results (Fig. 3c). Toeepsizes are a
little larger than the pure PS spheres preparedowttsurfactant (Fig. 4), indicating surfactant FXduld increase

the pore size of the spheres, and the large patousture would be favorable to accommodate ZIf@iges.
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Fig. 4. Pore size distribution curves of the samplepared with surfactant F127 and without suafatct

The digital photos of pure PS spheres and PSapginepared with F127/PS weight ratio of 0.33 @ in Figs.
5a, b. Both of them show a regular spherical sheifie a narrow diameter distribution. The diametéspheres is
around 2.5 mm, which could be adjusted by chantliegsyringe tip sizes. The spheres are both inendator with
a smooth surface. Furthermore, the addition ofastaht F127 makes the surface (Fig. 5a) much srapodind a
“handgrip” is disappeared compared to Fig. 5a.him following study, F127 was used as the surfaqab®7/PS

weight ratio of 0.33) to the synthesis of ZIF-8/@8nposite spheres.

10mm — 10mm 10mm
Fig. 5. Digital photographs of pure PS spheresK&)spheres prepared with surfactant F127 (b) Z#r@/PS 2: 1

spheres (c).

3.2 Incorporation of ZIF-8 nanocrystals in PS spker

ZIF-8 powder was dispersed into the PS/NMP/FI#ition to form viscous slurry for the further spdormation
via the phase inversion methdég. 6 shows XRD pattern and SEM image of the ZIpe8vder, indicating a high
crystalline structure. The ZIF-8 particles haveaarow particle size distribution with an averageesif about 80 nm.
The weight ratio of ZIF-8/PS was varied from 1:012 1 and 4: 1. The final spheres were analyzeXR to
examine the stability and presence of ZIF-8 inghistem (Fig. 7). XRD patterns show that charadterjgeaks of
ZIF-8 appear [6], indicating that ZIF-8 is succedigfloaded into PS spheres. In addition, with itherease of ZIF-8
amount, the intensity of ZIF-8 peaks becomes sennglF-8/PS 2:1 spheres have a regular sphetticadtare with
a diameter of about 3 mm (Fig. 5c). The ZIF-8/P$ 8pheres were also analyzed by SEM to identify the
morphology of the sphere as shown in Fig. 8. A perstructure is observed in Figs. 8a, b. The higlgnification
image in Fig. 8d shows ZIF-8 particles are evergyrithuted on the pore structure of the sphere revhige diameter

of the ZIF-8 particles is around 80 nm [9e inset in Fig. 8d indicates some ZIF-8 nanopladiare located on the



PS surface, and others should be embedded in thm@owall. The EDX point analysis result in Fig. 8c shows the

Zn, N elements are existewthich confirms that these small particles are-&lfElement S belongs to polysulfone.
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Fig. 6. XRD pattern (a) and SEM image (b) of ZIRahocrystals.
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Fig. 7. XRD patterns of PS sphere and ZIF-8/PS compapitere prepared with different weight ratio of BfRS.

Fig. 8 SEM images of the cross-section view of a ZIFSBZ? 1 sphere in different magnifications, and Effattern

(c) of one point in (d), the inset in (d) shows soAlF-8 nanoparticles on the PS surface.



3.3 Gas sorption of ZIF-8/PS composite spheres

The porosity of the ZIF-8/PS composite spheres exaluated by nitrogen sorption measurements. BEE
surface areas of PS spheres prepared without Zit&ure ZIF-8 particles are 4.5 and 10Z&ynrespectively (Fig.
9). The BET surface area of pure ZIF-8 particles is/\émilar to the literature [9] (962 7ty), but is lower than the
corresponding value for microsized ZIF-8 reported Park and co-workers [6]. This indicates that te
synthesized ZIF-8 nanoparticles probably still eimtsome residual species in the cavities Yhen ZIF-8 was
added in the PS spheres, the BET surface are@& dflF:8/PS spheres increased with the increaséFeBZamount.
ZIF-8/PS 4:1 spheres have a BET surface area oY that is about 74% of the pure ZIF-8, indicatififF-8
particles are successfully incorporated in PS sgghand their active sites are well exposed. ZIFS8FL spheres
have a BET surface area of 603/gnthat is 59% of the pure ZIF-8. ZIF-8/PS 1:1 spkeshow a very low BET
surface area of 1284y, which is only about 13% of the pure ZIF-8. Tioe surface area suggests ZIF-8 particles
have excellent adhesion with the polymer matriX @&l most of their active sites are hidden. ZIPSB/A:1 spheres

are not suitable for gas adsorption.
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Fig. 9.Nitrogen adsorption-desorption isotherms of pulfe-& powder, PS spheres and ZIF-8/PS compositeraphe

Fig. 10 shows carbon dioxide adsorption and desorpf pure ZIF-8 powder and ZIF-8/PS spheres & R7The
adsorption volume of pure ZIF-8 powder is abou6381i/g at 116 kPa. ZIF-8/PS 4:1 and ZIF-8/PS 2:1 sh@y C

adsorption of 27.2 and 21.2 &g, which are about 81% and 63% of the pure ZIFeBpectively. The COsorption
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further confirmed that ZIF-8 particles are well gissed in PS spheres, and the active sites of ZiFe8well
exposed. However, for ZIF-8/PS 1:1, the Q@rption is only 11.6 cify that is about 35% of the pure ZIF-8. This

result also indicates the active sites of ZIF-8iplas should be blocked by polysulfone.
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Fig. 10.Carbon dioxide sorption isothermsmafre ZIF-8 powder and ZIF-8/PS composite spheres.

4. Conclusion

We successfully fabricated ZIF-8/PS compositeesph via phase inversion method using a singlecer#pinneret.
Surfactant F127 was added in the system to impttegorosity of the spheres. The polysulfone stmecand ZIF-
8 acted as binder and adsorbent, respectivelyttagorous structure of the sphere made the galy eifuse.
ZIF-8/PS composite spheres were easy to handleemydle, and the gas sorption ability of the ZIP8/4:1 and
ZIF-8/PS 2:1 composite spheres were comparableetpare ZIF-8. This method is a one step technigquyeepare

macroporous ZIF-8/PS composite spheres, and cantbaded to prepare other polymer composite spheres
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